A screening method for tricyclic antidepressants (TCA) and their urinary metabolites by FAB tandem mass spectrometry (FAB MS/MS) is presented. The collision induced dissociation (CID) behavior of pure dibenzocycloheptadienes (amitriptyline 1, nortriptyline 2), dibenzoxepines (doxepine 3, dosulepine 4), dibenzazepines (imipramine 5, desipramine 6, trimipramine 7) and the iminostilbene derivative opipramol 8 is described and used for the specific determination of these tricyclics by MS/MS.
Introduction
Tricyclic antidepressants (TCA) have been used for treatment of depression for over 25 years [1] . Due to their widespread prescription to persons with suicidal tendencies frequent intoxications have been observed [2] . Especially in the case of overdoses a rapid screening for TCA in human urine is necessary [3] . Another potential application for urine TCA screening is the testing of forensic drug abuse.
Immunoassay screening is recommended because of its speed and simplicity, but as many HPLC methods are, it is not sufficiently reliable due to possible interferences of similar compounds [3] . Screening for TCAs in the urine by gas chromatography/mass spectrometry (GC/MS) requires adequate sample preparation: extraction or chromatographic isolation, hydrolysis of conjugated metabolites (e.g., glucuronide conjugates) and derivatization of polar metabolites. Identification may be achieved in addition to mass spectrometry by UV or NMR [4] [5] [6] . This labor and time consuming procedure is appropriate for metabolite structure determination, but it is too costly for screening.
In tandem mass spectrometry (MS/MS) the mass spectrometer serves both as separation device and as a tool for structure elucidation [5] . Using the ionization technique of fast atom bombardment (FAB) the drugs and their polar metabolites present in urine or other biological matrices (e.g., serum) can be identified directly and characterized without extensive sample work-up [7, 8] .
The elimination of TCAs from the body takes place almost exclusively by biotransformation into polar metabolites which are subsequently excreted with the urine or feces. Common pathways of metabolism are N-demethylation, N-oxidation, aliphatic and/or aromatic hydroxylations, Nglucuronidation of tertiary amines and O-glucuronidation of hydroxylated metabolites. In this context it is important to notice that individual variations in metabolism lead to large differences in the amounts of the various metabolites formed [9] . It was, therefore, of importance to find a method which allows detection independent from metabolic transformations. As the main metabolic transformations leave the tricyclic skeleton of the TCAs intact, not only the detection of the unchanged drug, but also the selective identification of hydroxylated metabolites and of glucuronide conjugates is possible by adequate MS techniques: selective identification of TCAs is possible because corresponding structural features lead to analogous fragmentation characteristics under collision induced dissociation (CID) conditions.
Experimental

Chemicals
All tricyclic antidepressants were analyzed as hydrochlorides and were provided by the Institut für Rechtsmedizin; Bonn University. CH 3 OH and H 2 O was distilled prior to use. FAB matrices: anhydrous glycerol was purchased from FLUKA (Buchs, Switzerland); 1-thioglycerol from SIGMA (St Louis, MO, USA).
Urine samples
The urine samples 1-3 came from the Klinik und Poliklinik für Psychiatrie und Psychotherapie; Cologne University, and were taken in the morning from patients under daily medication with tricyclic antidepressants. The urine sample 4 (TCA-overdose) was provided by Institut für Rechtsmedizin; Bonn University. All urine samples were stored at -25 • C until analyzed. For determination of the recovery limit urine was spiked with authentic samples and worked up as described below. For each compound 1 µg/ml urine (S/N-ratio 5 : 1) could be detected.
Analysis of the urine samples
A 2 ml portion of the urine sample combined with 2 ml of 0.01 M borate-buffer (pH = 9.22, MERCK, Darmstadt, Germany) was passed over a XAD-2 column (15 × 150 mm). The column was thoroughly washed with H 2 O and the metabolites were eluted with 70 ml CH 3 OH. The eluate was evaporated i.v. to dryness and the resultant residue was analyzed by mass spectrometry.
All positive ion FAB-experiments were carried out with a FINNIGAN MAT (Bremen, Germany) H-SQ 30 instrument with BEqQ geometry equipped with a FAB-gun from ION TECH LTD (Teddington, CID-experiments were performed in the collision quadrupole operating in the Rf-only mode (collision energy: 30 eV; collision gas: Ar; collision gas pressure: 0.45 mPa; attenuation of the main beam: 50%). The FAB-matrix was chosen not to interfere with characteristic substance ions. Exact mass measurements were obtained with a FINNIGAN MAT 900S instrument using polyethylene glycol as external standard (accuracy ±5 mu).
Results and discussion
Free tricyclic antidepressants
The fast atom bombardment collision-induced (FAB CID MS/MS) mass spectra of the tricyclic antidepressants show characteristic fragmentations: dibenzocycloheptadienes (amitriptyline 1, nortriptyline 2) and dibenzoxepines (doxepine 3, dosulepine 4) produce in the daughter ion mass spectra of their protonated molecular ions similar fragment ions in accordance with their related structures ( Table 1) . Of importance for screening using the 'constant neutral loss' (CNL) technique are two competing modes, both resulting in a cleavage of the central ring initiated by breaking either of the C-11/C-11a bond (1) or of the C-10/C-11 bond (2) (only for X = CH 2 ) (see Scheme 1).
Scheme 1. CID-daughter ions produced by neutral loss of 173 u from [M+H]
+ of 1-4.
For the N,N-dimethylamino compounds 1, 3 and 4 process 1 eliminates C-5 with the side chain and the benzene ring, for the N-methyl compound 2 the lower mass of the side chain is compensated by CH 2 (C-11, process 2). Consequently, the CNL-scan for 173 u allows the simultaneous detection of the [M+H] + ions of all four compounds (Scheme 1). Obviously, the [M+H] + ion of 1 loses also 187 u (cleavage 2) and that of 2 159 u (cleavage 1), but these competing processes are of no importance for the present purpose. A relevant example is given in Fig. 1 .
Also the [M+H] + ions of the dibenzazepine derivatives imipramine 5, desipramine 6 and trimipramine 7 fragment under CID conditions in a characteristic way: they lose the entire ring system (195 u) just leaving the side chain (Scheme 2, Table 2 ). Figure 2 demonstrates the selective detection of these three compounds.
The 10,11-unsaturated opipramol 8 under CID conditions behaves in the same way as the saturated dibenzazepines: loss of the ring system (now 193 u) and formation of the ionized side chain (m/z 171) plus the degraded immonium ion (m/z 143; Table 3 and Scheme 3). 
Metabolites
In urine samples in addition to the excreted unaltered drugs their metabolites will be encountered. The urinary metabolites are the products of N-oxidation (1, 3, 5) [9] and N-demethylation of the aliphatic side chain (1-7) [9] and from aliphatic (1, 2, 5, 6, 7) [9] and aromatic hydroxylations (1-7) [9, 10] of the tricyclic skeleton. These biotransformations are completed by N-glucuronidation of aliphatic tertiary amines (1, 3, 5, 7) [11] or O-glucuronidation (1, 2, 3, 5, 6, 7) [9, 10, 12] of the various hydroxylated metabolites. The [M+H] + ions of all glucuronides lose upon CID-activation the sugar ring (-176 u, see Schemes 4 and 5) and may thus be detected by CNL-scans. 
Authentic samples
The results of authentic samples after treatment of patients with different TCA will be presented.
Sample 1
A patient (female, 56 years) had obtained a daily dose of 125 mg desipramine.HCl (6) (Pertofran ). The protonated molecular ion [M+H] + at m/z 267 of 6 was detected by the CNL-scan of 195 u (Table 4 ). This assignment was confirmed by the CID-daughter ion scan (Table 5) which yielded m/z 72 (see Scheme 2 and Table 2 ). In addition, two metabolites of 6 were detected, viz. its hydroxylation product ([M+H] + m/z 283) which upon CID also yielded m/z 72 characteristic for the side chain (Table 2 ) and the glucuronide of the latter ([M+H] + m/z 459). This compound could be detected by a CNL-scan for the loss of 176 u (v. supra) and CID-decomposition resulting in the loss of 176 u (m/z 283, hydroxylated 6) as well as a prominent ion of m/z 72.
Sample 2
A patient (female, 71 years) had obtained a daily dose of 150 mg amitriptyline.HCl (1) (Saroten ). The ion at m/z 278 was detected with maximum abundance in the CNL-scan for 173 u (Table 4) and could be identified by means of a subsequent CID-daughter ion mass spectrum as the protonated molecular ion [M+H] + of 1 (Table 6 ; cf. Table 1 ). In addition, several metabolites of 1 were found: [M+H] + at m/z 470 corresponds to the glucuronide of hydroxy-1, probably a mixture of O-and N-derivatives: The loss of 194 u, i.e., of glucuronic acid corresponds to a structure substituted at the C-10/C-11 bridge while the formation of an m/z 222 ([(CH 3 ) 2 NH-gluc] + ) points towards the formation of a N-glucuronide. 
Sample 3
A patient (female, 55 years) obtained a daily dose of 125 mg doxepine.HCl (3) (Sinquan ). A CNL-scan for 173 u shows two prominent ions at m/z 280 and 296 (Table 4 ). The CID-daughter ion mass spectrum of m/z 280 produces the characteristic fragment ions of 3 (Table 7 ; cf. Table 1) . m/z 296 stems probably from a mixture of oxidation products of 3. Regarding the ions m/z 58, 84, 107 and 117 in the daughter ion spectrum, see Table 1 (Table 7 , cf. Table 1 ). This ion allows the identification of the parent compound as the quaternary ammonium-linked glucuronide of 3, because it is formed by the loss of (CH 3 ) 2 N-gluc (221 u). This assignment is supported by a CNL-scan of 221 u. An exact mass measurement confirmed the composition of the ion at m/z 456 as C 25 H 30 NO 7 . The ion at m/z 472 can be interpreted as [M+H] + of hydroxydoxepine-N-glucuronide because of the characteristic fragments in the CID-daughter ion mass spectrum (Table 7) . Regarding the dihydroxytropylium ion m/z 123, see above; m/z 251 in turn is formed by the loss of (CH 3 ) 2 N-gluc (221 u). The composition of m/z 472 was determined as C 25 H 30 NO 8 by an exact mass measurement.
A CID-daughter ion experiment (Table 7 ) of the ion m/z 474 (C 25 H 32 NO 8 by exact mass measurement) gave fragment ions at m/z 58, 107, 235 and 280 corresponding to the doxepine skeleton (cf. Table 1 Table 7 ) is in agreement with 5-hydroxy-dihydro-3-N-glucuronide [10] formed by addition of H 2 O to the exocyclic double bond. 
Sample 4
This sample stems from a fatal case after a TCA-overdose (female, 50 years). The plasma levels were 0.31 mg/l 1, 0.39 mg/l 2 and 0.29 mg/l 8. As a mixture of TCA's had been taken the components had to be identified by their respective characteristic CNL-scans. The CNL-scan of 173 amu shows two abundant ions at m/z 278 and 264. Subsequent CID-daughter ion mass spectra of the two [M+H] + ions (Table 8) and comparison with the reference data (Table 1) The CID-fragments of the ion at m/z 378 correspond to those of 8 but shifted by 14 u. The increase in mass, therefore, must have occurred in the side chain (m/z 171 → 185) and more specifically in the part without the -CH 2 CH 2 -group attached to the iminostilbene nucleus (m/z 143 → 157). According to an exact mass measurement m/z 378 has the composition C 23 H 28 N 3 O 2 , the mass increase comes, therefore, from +O -2H. Reports on the metabolism of 8 are rather limited [13] but the oxidation of the piperazine ring to give a lactam function (e.g., a → b, Scheme 6) is a known metabolic process [14] Table 1 Scheme 6.
which explains the mass increase. The 176 u-CNL-scan for glucuronide conjugates shows prominent ions at m/z 454, 456, 470 and 556 (Table 4 ). The glucuronides of 1 (m/z 454), of hydroxy-1 (m/z 470) and of hydroxy-2 (m/z 456) can be identified by their characteristic fragments in their CID-daughter ion mass spectra (Table 8 and 
Conclusion
Urine samples from persons under TCA medication were purified only by adsorption on XADcolumns and elution with CH 3 OH and were subsequently subjected to FAB mass spectrometry. CNLscans allowed to recognize the various structure types excreted in unaltered as well as in metabolized form. CID-mass spectra of the various molecular ions confirmed the conclusions drawn from the molecular masses (oxidation, hydroxylation, addition of H 2 O, demethylation and conjugation with glucuronic acid) and gave structural information (hydroxylation in the aromatic or aliphatic part, formation of an O-or N-glucuronide). The sensitivity of the method is sufficient to detect therapeutic doses (limit < 1 µg/ml urine). Our experiments were performed with a research instrument. The sensitivity of the method may be increased with a triple-quad mass spectrometer which has a much higher transmission than the HSQ-30 with a magnetic and an electrostatic analyzer.
